The present study was undertaken to clarify the relationship between tepal growth and the hydraulic properties of expanding tulip (Tulipa gesneriana L.) tepals. The growth rate of outer tepals was measured with an extensiometer while growth of the tepals was altered by feeding sucrose solution or trehalose solution to cut tulip flowers. Feeding sucrose to the flowers increased cell elongation rates of tepals and feeding trehalose to the flowers decreased the cell elongation rates. Simultaneously, turgor of the epidermal cells in the zone of elongation of intact outer tepals was measured with a cell pressure probe. Cell osmotic potentials were measured with the isopiestic psychrometer after extracting cell solution of similarly treated cut flowers. Cell water potential was obtained by summing cell turgor and its osmotic potential.
INTRODUCTION
It has been reported that cell elongation in tulip flower stalks, leaves and roots is predominantly regulated by hydraulic conductance and the size of the growth-induced water potential (Wada et al., 2004) . Wada et al. (2004) measured the water status with the isopiestic psychrometer by using excised tissues isolated from the zone of elongation of tulip flower stalks, leaves and roots. There have been some concerns about using excised tissues to measure the water status with the psychrometer in the zone of elongation because excision may cause significant wall relaxation during the psychrometric measurements (Cosgrove et al., 1984; Boyer et al., 1985) . If significant wall relaxation takes place during water potential measurements of excised tissues in the zone of elongation with the psychrometer, water
potential measured with the psychrometer in the zone of elongation will be more negative, and sizes of turgor of the excised tissue in the zone of elongation will be estimated to be smaller than if the tissue had remained intact. Turgor of intact plants can be measured with a cell pressure probe (Hi sken et al., 1978) . When intact plants are used for the water status measurement in the zone of elongation, wall relaxation should not take place during the water status measurement. After cell turgor pressure is measured, if cell osmotic potential is known in the same cell, cell water potential will be determined by summing turgor and osmotic potential together. In order to study the hydraulic properties of elongating tulip tepals, we attempted to measure cell turgor of expanding tepals of cut tulip flowers while growth rates of the tepals were modified by changing components of vase solution in the present study. Because turgor measurements can be conducted in the same tepals while growth rates can be modified, changes in the hydraulic properties can be evaluated in the same growing tissue without the effect of wall relaxation.
In the present study, cell solution was extracted from the zone of elongation of similarly grown plants which were treated with the identical vase solution, and osmotic potential of the cell solution was simultaneously measured with the psychrometer, provided that osmotic potential of the cell solution was similar to osmotic potential of cells whose turgor was measured with the pressure probe. Then, water potentials of cells of intact growing tepals can be estimated from the sum of turgor and the osmotic potential.
In tulip, water typically constitutes 90-95% of the mass of the tepals. Therefore, an increase in the cell volume can be considered to be nearly equivalent to the amount of water uptake in growing cells if transpiration is negligibly small. Because water must flow into the cells during cell growth, a water potential gradient is believed to exist between the water source and the cells as shown by Ray and Ruesink (1963) , Boyer (1974) , Moltz and Boyer (1978) , Silk and Wagner (1980) , Boyer (1985) , Nonami and Boyer (1987, 1993) , Nonami et al. (1997) and Wada et al. (2004) . The size of the growth-induced water potential can be determined by the difference of water potential between elongating cells and the water source (Moltz and Boyer, 1978; Boyer, 1985; Nonami and Boyer, 1987, 1993; Nonami et al., 1997; Ikeda et al., 1999; Wada et al., 2004) . Because plant cells elongate due to simultaneous water uptake and wall extension, growth can be modeled as follows (Hsiao et al., 1976; Moltz and Boyer, 1978; Nonami and Boyer, 1987, 1990a; Wada et al., 2004) Trehalose, a non-reducing disaccharide consisting of two a-glycosidically linked glucose units, is known to enhance tolerance against desiccation and high temperature, probably by protecting membranes and enzymes from various stresses (Crowe et al., 1984; Lee et al., 1989; Hottiger et al., 1994) . Recently, Ikeda et al. (2000) reported that trehalose reduced hydraulic conductance in soybean embryos, resulting in growth retardation of embryos. If trehalose can modify hydraulic properties of tulip tepals, it may be possible that feeding trehalose to tulip flower stalks will decrease the growth rate of tulip tepals. Sucrose plays a role as an important energy source for respiration and also as substrates for structural materials in cut flowers (Halevy and Mayak, 1979) . It is well known that the vase life of cut flowers is enhanced by feeding sucrose to cut flowers, such as rose (Rosa hybrida L.) (Kuiper et al., 1995) , carnation (Dianthus caryophyllus L.) (Paulin and Jamain, 1982) , sweet pea (Lathyrus odoratus L.) (Ichimura and Hiraya, 1999) and hybrid Limonium flowers (Doi and Reid, 1995) . Feeding sucrose may also modify growth rates of tulip tepals. Growth measurements. To measure growth rate (GR), tepal tissue was marked with India ink at 5-mm intervals, and the intervals were measured with the caliper initially and after 24 h. GRs were determined by dividing changes in length (dl) by time intervals (dt) between the local length measurements, and GRs were further divided by the length (l) of the zone of elongation to obtain relative growth rates (RGRs), i.e., RGR=(dl/dt)(1/l). Vol. 42, No. 3 (2004) (47)207 Also, water potential of tepals was directly measured with the isopiestic psychrometers (Boyer, 1995) by using the excised tissues. Tepal tissues were sampled under the green safe light to minimize the effects of transpiration on the water status of plants. Each tissue was excised from the plant and rapidly transferred to a humidity box for further dissection. All subsequent tissue manipulations were performed under saturating humidity inside the box to minimize water loss from the tissue after excision. The water status of tepal tissue (about 1.0 cm2) was determined with the psychrometers.
RESULTS
Growth parameters of excised tulip sepal tissues thought to be negligibly small. In this case, m was considered to be infinitely large (Fig. 1B) .
Growth and water status of intact tulip tepals When the control solution in the vase was replaced by sucrose-containing solution, the growth rate became about two times larger than the control ( Fig. 2A) . A rapid decrease in epidermal cell turgor was observed simultaneously (Fig. 2B) . A significant time lag between the growth response and the solution exchange time was observed, and it is considered that it took a few hours for the sucrose solution to reach the growing regions in tepals. After establishing the steady growth rate, when the sucrose-containing solution was replaced by the trehalose-containing solution, turgor was increased gradually (Fig. 2B ) and the growth rate reached 56% of that of the control ( Fig. 2A) . After returning to the sucrose-containing vase solution again, turgor decreased slightly and the growth rate recovered (Fig. 2, A and B) . Therefore, turgor values were not positively correlated to values for the growth rates. When stem excision cut the pathway of water absorption, the inhibition of tepal growth took place with desiccation of tepals ( Fig. 2A) . Because plots of osmotic potential shown in closed symbols and open symbols are overlapping in Fig. 2C , it is considered that the osmotic potential of cell solution extracted from tissue which was used for turgor measurements was almost similar to those from similarly grown flowers which were treated with the identical vase solution. Therefore, it is safe to conclude that osmotic potentials measured in cell solution from the excised tissue segments along with cell turgor measurements reflected the osmotic potential of intact tepal cell solution. Thus, water potentials of the intact growing tepals could be estimated in Fig. 2D . Sucrose-feeding tended to reduce water potential of the zone of elongation in tepals, whereas trehalose-feeding tended to increase the water potential, although both vase solutions had the same value of water potential (Fig. 2D ). Growth-induced Water Potential (MPa) Fig. 3 Relative growth rates plotted against sizes of the growth-induced water potential in intact tepal cells of sucrose or trehalose-fed cut flowers. All data are adopted from Fig. 2 . Horizontal bars indicate the standard errors (n=3-8).
The growth-induced water potential was calculated by subtracting the water potential of expanding tepals from that of the vase solution. The regressio lines are y=1.97x with r2=0.51 for the 1st sucrose treatment (Lsucl=1.97), y=0.85x with r2= 0.98 for the trehalose treatment (LTre=0.85) and y=1.88x with r2=0.98 for the 2nd sucrose treatment (Lsuc2=1.88), respectively. be determined by fitting the straight line through the origin as shown in Fig. 3 .
When cut flowers were fed with either sucrose or trehalose, sucrose contributed to cell elongation as the extra carbon source, whereas trehalose reduced the tepal growth. It was found that the estimated hydraulic conductance of trehalose-fed cells was much smaller than that of sucrose-fed cells (Fig. 3) . Re-changing the vase solution from the trehalose-containing solution to the sucrose-containing solution made the growth rate recover to the previous higher steady state (Fig. 2A) . Thus, changes in L associated with growth of tepals seemed to be reversible within a relatively short time as shown in Fig. 3 . The values of L in sucrose-fed tepals in Fig. 3 were larger than that of L of the control obtained in Fig. 1A , whereas the value of L in trehalose-fed tepals was lower than that in the control (Figs. 1 A and 3) . If wall relaxation were present in the excised tissue in the zone of elongation, the value of L in the control might be slightly larger because the control measurements were conducted with the excised tissue and the wall relaxation would shift the water potential determination to a more negative value when growth rates are high. However, it is unlikely that the control L will be larger than L of sucrose-fed tepals.
Theoretically, turgor is required for cell expansion to push the cell wall toward the outside during the growth process. We could not measure the growth-effective turgor of intact cells directly during the pressure probe measurement periods. In Fig. 2B , turgor was almost similar when growth rates were changed significantly by either sucrose-or trehalose-feeding. In Fig.  1B , the growth-effective turgor was thought to be negligibly small. If Y is not modified within a relatively short period during vase-solution exchange in the present study, it is safe to conclude that the growth-effective turgor of intact tepal tissue in the zone of elongation was not regulating cell elongation.
Similarly, turgor per se was found to be not directly related with growth in some other instances (Meyer and Boyer, 1972; Shackel et al., 1987; Nonami and Boyer, 1989; Myers et al., 1992; Zhu and Boyer, 1992; Ikeda et al., 1999 Ikeda et al., , 2000 . Therefore, even if the effect of wall relaxation on the water potential determination with the psychrometer in the excised tissue in the zone of elongation existed slightly when growth rates were high, it is safe to conclude that values of m must be much larger than those of L in tulip tepals as shown in Fig. 1 . Accordingly, the coefficient of Eq. (1) can be approximated as follows ;
•¬ (3) Consequently, Eq. (1) can be modified as follows ;
G=L(ƒµo-ƒµs-Y)
Hence, it is thought that growth of tulip tepal tissues was predominantly controlled by the hydraulic conductance. Because the growth process of tepal tissues can be explained by the relationships shown in Eq. (4), the concept of the growth-induced water potential must be applicable to cell expansion in growing tepals. Since the changes in L characterize cell membrane hydraulic properties and are metabolically regulated (Nonami and Boyer, 1990a, b) , it was thought that trehalose could be related to reduction of the hydraulic conductance. In the present study, cell expansion was predominantly regulated by the size of the growthinduced water potential and hydraulic conductance as shown in both excised tepal tissues and intact tepal cells. Likewise, these cell expansion mechanisms were similar in roots, leaves and stems in growing tulip plants (Wada et al., 2004 
